A high optical efficiency and wide-view transflective liquid crystal display based on fringe-field switching structure is proposed. The transmissive part has a homogenous liquid crystal ͑LC͒ alignment and is driven by a fringe electric field, which exhibits excellent electro-optic characteristics. The reflective part has a hybrid LC alignment with quarter-wave phase retardation and is also driven by a fringe electric field. Consequently, the transmissive and reflective parts have similar gamma curves. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2822410͔
Transflective liquid crystal displays ͑TR-LCDs͒ have been widely used in mobile devices, e.g., mobile phones, digital cameras, and personal digital assistants, because of their advantages in sunlight readability and low power consumption.
1,2 A commonly employed TR-LCD consists of transmissive ͑T͒ and reflective ͑R͒ subpixels. The T mode uses backlight while R mode uses ambient light to readout the displayed images. In the T mode, the backlight passes the liquid crystal ͑LC͒ medium once while the ambient light traverses the LC layer twice. To compensate for this optical path length difference, both dual cell gaps and single cell gap approaches have been developed. 3 On the LC configurations, single-domain and multiple-domain planars, twisted nematic, vertical alignment ͑VA͒, in-plane switching ͑IPS͒, and fringe field switching ͑FFS͒ have been explored. 3 Among them, multidomain VA, IPS, and FFS are known to exhibit a superb viewing angle. 4 However, the demand in viewing angle for a hand-held LCD is less stringent than a large screen LCD television because most of the time it is viewed only by one person. For mobile displays, thin profile and light weight are highly desirable. The single-domain FFS mode offers an adequate viewing angle without using any compensation films 5 and, therefore, it is an attractive approach for TR-LCDs.
In a TR-LCD, most displays require either a quarterwave plate [6] [7] [8] [9] ͑QWP͒ or a patterned in-cell phase retarder [10] [11] [12] [13] in order to obtain a good dark state for the R mode. The problems associated with QWP are the increased manufacturing cost and display thickness, and more seriously, the conventional QWP-based broadband circular polarizers exhibit a rather narrow viewing angle. 9 Although forming patterned in-cell phase retarder in the reflective part of IPS or FFS based TR-LCD allows linear polarizers to be employed, the process for fabricating patterned in-cell phase retarder remains a technical challenge.
In this letter, we proposed a wide-view TR-LCD using a homogeneous alignment FFS in the T mode and a hybrid alignment FFS in the R mode. Such a TR-LCD exhibits a wide view, high transmittance, and good dark state without using any QWP or in-cell phase retarder. The device structures and performances of this TR-LCD are optimized using a commercial three-dimensional ͑3D͒ LC simulator ͑TECH-WIZ developed by Sanayi͒.
Figures 1͑a͒ and 1͑b͒ show the electrode structures and cross-section of the proposed TR-LCD, respectively. In the T part, the electrode structure is the same as a conventional transmissive FFS-LCD which has a planar common electrode and slit pixel electrodes. 14, 15 The LC directors are aligned homogeneously with their optic axis parallel to the transmission axis of the top linear polarizer. The bottom polarizer is crossed to the top one. In the R part, a reflective electrode with embossing patterns is connected to the common electrode, and the pixel electrodes above are also patterned with slits. To achieve a good dark state for the R mode, a hybrid alignment LC cell with a phase retardation value d⌬n ϳ / 4 ͑where d is the LC layer thickness, ⌬n the LC birefringence, and the wavelength͒ is formed by photoalignment. Its optic axis in the bottom substrate is 45°with respect to the transmission axis of the top linear polarizer, as shown in Fig. 1͑a͒ . To make the LC phase retardation close to / 4, a thin overcoated layer whose thickness is ϳ24% of the LC cell gap is formed on the top substrate of the R region. As a result, the hybrid-aligned / 4 layer in the R region together with the top linear polarizer functions as a circular polarizer. No additional QWP or in-cell phase rea͒ Electronic mail: swu@mail.ucf.edu.
FIG. 1. ͑Color online͒ Schematic pixel structure of the FFS-based transflective LCD. BM stands for black matrix, w for electrode width, and ᐉЈ for electrode gap.
tarder is required in our design. Near the wall boundaries between the homogeneous and homeotropic LC alignments, the disclination lines are present which would degrade the device contrast ratio. Therefore, this region should be blocked by a black matrix, as depicted in Fig. 1 . Figure 2 shows the detailed optical configuration of the TR-LCD. The optic axes of the LC layer in the T part and R part are set parallel to and 45°away from the transmission axis of the top linear polarizer, respectively. When the applied voltage is lower than a threshold ͑V th ͒, the linearly polarized light from the bottom polarizer keeps its polarization throughout the LC layer, and is blocked by the top crossed linear polarizer in the T part. For the incident ambient light from the top polarizer of the R part, it is first converted by the / 4 hybrid-aligned LC layer to a circularly polarized light, and upon reflection from the bumpy reflector it traverses the LC layer one more time and becomes linearly polarized. Its optic axis is rotated 90°from the incident one and is blocked by the top linear polarizer. Under such a circumstance, both reflectance and transmittance are dark at V = 0. This is the so-called normally black mode.
On the other hand, when a high voltage ͑V ӷ V th ͒ is applied between the pixel and common electrodes, the LC directors in the transmissive region are reoriented substantially by the fringe fields to be ϳ45°away from their initial position. This LC layer is equivalent to a half-wave plate which further rotates the incident linearly polarized light by 90°, making it transmit thru the top linear polarizer which results in a bright state. However, the mechanism for achieving a bright state in the reflective region is quite different. Both tilt and rotation effects of the LC directors jointly contribute to the optimal reflectance.
To calculate the electro-optic characteristics of this TR-LCD, we optimized the LC retardation value in order to maximize the contrast ratio at normal incidence. A 3D LC director simulation was performed using the commercial software TECHWIZ and the optical calculation was based on the extended 2 ϫ 2 Jones matrix methods. 16, 17 Here, the LC material employed is M06-228 ͑Merck͒ with its physical properties listed as follows: extraordinary and ordinary refractive indices n e = 1.5861 and n o = 1.4815 ͑at = 589 nm͒, dielectric anisotropy ⌬ = 9.3, rotational viscosity ␥ 1 = 86 mPa s, and elastic constants K 11 = 13.3 pN, K 22 = 7 pN, and K 33 = 12.6 pN. The boundary conditions are as follows: in the T part the surface tilt angle is 2°and initial rubbing angle is 105.5°from the horizontal axis which is 7°f rom the pixel electrode stripes, as depicted in Fig. 1͑a͒ . In the R part, the surface pretilt angle on the TFT array substrate is 2°and initial rubbing angle is 60.5°from the horizontal axis which is 7°from the pixel electrode stripes, as depicted in Fig. 1͑a͒ . Besides, the pretilt angle of the LC directors on the top color filter substrate is 90°.
In a TR-LCD, the T part has priority over the R part because the latter plays an important role only under strong ambient. To reduce power consumption, the threshold voltage V th and bright state voltage V on of this display should be minimized. The V th of a FFS cell mainly depends on the ⌬ of the LC, electrode width ͑w͒ and space ͑ᐉЈ͒, cell gap ͑d͒, and the initial LC director angle. 5, 14, 18 Based on our calculations, we found that the optimal design of the transmissive pixel electrodes is w =3 m, ᐉЈ =5 m, and d ϳ 3.62 m for the material employed. Under such conditions, we find V th ϳ 1.5 V rms , V on ϳ 4.8 V rms , and T max ϳ 80% ͑normalized to the maximum transmittance of two parallel linear polarizers͒.
For the reflective mode, we first calculated the d⌬n-dependent contrast ratio and reflectance. To find the intrinsic contrast ratio, during simulations all the interface reflections are ignored and a single wavelength ͑ = 550 nm͒ is employed. If surface reflections and bandwidth of the incident light are taken into consideration, the contrast ratio will be degraded. For d⌬n ϳ 287 nm, the effective phase retardation of the hybrid alignment LC cell is ϳ / 4 and the maximum contrast ratio reaches 2500:1 for the reflective mode. Furthermore, to achieve a good grayscale match with the transmissive mode, we optimized the ͑w , ᐉЈ͒ of the pixel electrode of the reflective part FFS structure by calculating its reflectance and operation voltage based on d⌬n ϳ 287 nm. In particular, we varied the ͑w , ᐉЈ͒ of the reflective pixel electrode from ͓2 m,2 m͔ to ͓6 m,6 m͔ and found that the optimal ͓w , ᐉЈ͔ value is ͓2 m,4 m͔. Under such a circumstance, the reflectance is high and the voltage-dependent transmittance ͑VT͒ and reflectance ͑VR͒ curves match well to enable a single gamma driving. Figure 3 shows the simulated VT and VR curves of the proposed cell structure using the optimized cell parameters, namely, the cell gaps of T and R parts are 3.62 and 2.73 m, and ͓w , ᐉЈ͔ of the T and R pixel electrodes are ͓3 m,5 m͔ and ͓2 m,4 m͔, respectively. In the full bright state, the reflectance is over 0.4, i.e., 80% of the maximum reflectance. And a reasonably good grayscale match between the T and R modes is obtained which allows the driving of both T and R modes with a single gamma curve. Figure 4 shows the isocontrast contour plots of the T and R modes. Without using any compensation films, the T mode shows 10:1 contrast ratio without grayscale inversion over 60°viewing cone and R mode over 50°. These viewing angles are adequate for mobile displays using a small-sized LCD.
In conclusion, we have proposed a FFS-based transflective LCD that fuses a homogenous alignment in the T part and a hybrid one in the R part. Our results show that this transflective display exhibits a high transmittance and reflectance, well matched VT and VR curves, simple device structure, and wide viewing angle. This device is particularly attractive for mobile displays that require low power consumption, high image quality, and wide viewing angle.
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